Introduction
Electron spin resonance (ESR) spectroscopy is a powerful technique to investigate properties of magnetic systems and their local environments. [1] [2] [3] [4] In particular, ESR spectral analysis, in which the position, intensity, and lineshape of the ESR spectrum is carefully analyzed to extract spin parameters including g-values, hyperfine and spin-spin couplings, zero-field splittings and rotational correlation times of systems, is widely and routinely used for characterizations and investigations in science and engineering fields. Examples include identification of paramagnetic defect contents in semiconductors, [5] [6] [7] investigations of structures and conformational dynamics of biological molecules, [8] [9] [10] and characterizations of photochemical reactions. [11] [12] [13] The nitrogen-vacancy (NV) center is of significant interest in quantum sensing due to its unique properties. [14] [15] [16] [17] The NV center is an S = 1 spin system consisting of a single vacancy site located adjacent to a nitrogen atom in the diamond lattice. The electronic structure of the NV center enables optical readout and initialization of the spin system through optically detected magnetic resonance (ODMR). 14 In addition, the long-lived quantum coherence of the NV centers' spin states, 18, 19 provides the NV center with high sensitivity to external magnetic fields, with fields as small as 100 fT being reported. 20 Its atomic size combined with high sensitivity to magnetic fields gives the NV center a sensing radius in the nanometer range, allowing ESR sensitivity to improve to the level of a single electron spin. 21 Using a single NV center, nanoscale ESR detection of several types of spins in solid state and biological systems has been demonstrated. [21] [22] [23] [24] [25] [26] [27] [28] [29] For applications of NV-detected ESR (denoted NV-ESR in this manuscript) spectral analysis, it is critical to understand the nature of NV-ESR lineshape and to establish a procedure to obtain a high resolution spectrum representing intrinsic properties of the sample.
Here we investigate the nature of an NV-ESR spectrum of single substitutional nitrogen defects in diamond (called P1 centers). The NV-ESR spectrum is obtained using a double electron-electron resonance (DEER) pulse sequence, which utilizes pulses at two distinct microwave (MW) frequencies to coherently control the NV center and target spins. By studying the spectral linewidth as a function of the DEER pulse length, we identify a significant contribution of the DEER excitation bandwidth to the observed NV-ESR linewidth at short pulse lengths. At long pulse lengths, we observe that the ESR linewidth is limited by inhomogeneous broadening of the detected P1 ESR frequency (T * 2 -limit), representing intrinsic spin dynamics of P1 spins. Moreover, by employing a long DEER pulse, we observed that the ESR linewidth is as narrow as 0.3 MHz and, with the improvement of the spectral resolution, we clearly resolve a small splitting (2 MHz) in P1 ESR that originates from the anisotropic hyperfine coupling and four different orientations of the P1 spins.
Materials and Methods

Diamond sample
A single crystal (2.0 × 2.0 × 0.3 mm 3 ) of (111)-cut high pressure high temperature type-Ib diamond (purchased from Sumitomo electric industries) was used in this study.
GHz ESR spectroscopy
The 230 GHz/115 GHz ESR system employs a high-power solid-state source consists of a 9-11 GHz synthesizer, pin switch, microwave amplifiers, and frequency multipliers. The output power of the source system is 100 mW at 230 GHz and 700 mW at 115 GHz. The 230/115 GHz excitation is propagated using a quasioptical bridge and a corrugated waveguide and couples to a sample located at the center of a 12.1 T cryogenic-free superconducting magnet. ESR signals are isolated from the excitation using induction mode operation. 30 For ESR detection, we employ a superheterodyne detection system in which 115 GHz is down-converted into the intermediate 
ODMR spectroscopy
The ODMR system is based on a homebuilt confocal microscope system. A 100-mW 532-nm laser (Crystalaser) is passed through an acousto-optic modulator (Isomet 1250C) before being directed through a low-pass filter (Omega) and into a single mode fiber (Thorlabs). The data is normalized to reflect the probability of the NV center being in the m S = 0 state (P|m S = 0 ). 23 For all pulsed ODMR presented, a 5 µs laser pulse is used to initialize the spin state while a 300 ns laser pulse is used for readout. Microwave pulses (shown as blue rectangles) are applied to drive the |0 ↔ |−1 transition. Each pulse sequence is repeated 10 4 -10 6 times for an unweighted averaging of each data point. (b) Spin echo measurement. The spin echo data shows a spin decoherence time (T 2 ) of 40 µs for NV1. Data is shown in agreement with
Next, we perform the NV-ESR experiment. We first conduct Rabi oscillation and spin echo (SE) measurements to determine pulse lengths and the spin coherence time (T 2 ) for NV-ESR. As shown in the inset of Fig. 3(a) , the Rabi measurement is performed by first initializing the spin state into |0 with a long laser pulse before applying a variable length MW pulse. The final spin state is then read out using a short laser pulse to induce FL from the NV center (see the inset of Fig. 3(a) ). T 2 is measured using a Hahn spin echo sequence (see the inset of Fig. 3(b) ). We determined the T 2 of NV1 to be 40 µs. After the Rabi and SE experiments, we perform NV-ESR using a DEER technique, as shown in Fig. 4(a) . NV-ESR is performed by measuring the change in a coherent state of the NV center as a function of the frequency of the DEER pulse. The coherent state change is induced by a shift of the magnetic dipole field of target spins due to the population inversion of target spins induced by the DEER pulse. For this measurement, a τ of 5.7 µs was chosen to reduce decoherence of the NV center. As shown in Fig. 4(a) , the resulting spectrum exhibits five peaks, in agreement with P1 ESR. In the measurement, the MW intensity is adjusted to ensure the DEER pulse length performs a π rotation of the P1 center spins. Figure 4 (b) shows Fig. 4(b) ). To explain the results, we consider the following NV-ESR model which describes the spin dynamics of an ensemble of two-level systems. 36 Using this model, the intensity of NV-ESR is given by,
Rabi oscillations of P1 centers measured by NV-ESR with different T values (see the sequence in
where µ 0 is the vacuum permeability, µ B is the Bohr magneton, g NV is the g-value of the NV center, g B is the g value of target spins, T is the time for phase to accumulate after application of the DEER pulse,h is the reduced Planck constant, and n is the concentration of target spins. The sin 2 θ 2 L term represents the effective population inversion of the DEER pulse given as, 37
where Ω is the Rabi frequency of the target spins, ω is the frequency of MW2, t p is the applied pulse length, and L(ξ ; ∆ω) is an intrinsic ESR line of P1 spins where ∆ω represents the linewidth.
Therefore, Eq. 2 includes the effects of the MW excitation and the ESR line on the NV-ESR signal.
The P1 Rabi data were simulated with Eq. 1 by fixing T while allowing n to vary. As shown in Fig. 4(b) , the simulations were found to be in good agreement with the experiments. We found that NV-ESR intensity depends on the value of T . As shown in Fig. 4(b) , NV-ESR with T = 2.0 µs exhibits a high intensity contrast between π and π/2 pulses.
We seek to determine the origin of the observed linewidth in Fig. 4(a) by extracting the contribution from the MW excitation bandwidth. The contribution is studied by analyzing the NV-ESR linewidth as a function of the DEER pulse length (t p ). In the experiment, the MW power is adjusted to maintain a π-pulse for all pulse lengths. As shown in Fig. 5(a) , the spectrum narrows and the shape of the spectrum changes as the pulse length of the DEER pulse increases. In order to performed at a similar magnetic field. 23 The splitting is due to the contribution of the anisotropic hyperfine interaction comparable to the Zeeman energy at the low magnetic field which sets the The NV-ESR linewidth as a function of the pulse length. The red solid line is the result of a nonlinear least squares regression using Eq. 1 and ∆ω = 1.6 (90 % confidence bounds of (1.4, 1.8)) MHz. Fitting was done with weights 1/σ 2 . The blue and green dashed lines show partial contributions. The blue dashed line is the MW excitation bandwidth, while the green dashed line shows ∆ω. The inset graph shows the spectrum taken using a π-pulse of 1 µs. The spectrum was normalized for the probability of the NV |0 state. The simulated spectrum based on a linewidth of 1.6 MHz is shown in red. (c) Ramsey measurement using NV-ESR to measure T * 2 . Pulses were applied 2 µs before the end of the sequence (T = 2 µs). The pulse sequence used for NV-ESR Ramsey is shown to the right. The spacing between the pulses (t) was varied in the NV-ESR Ramsey measurement (Sig.). A reference experiment was performed concurrently with the position of a single π-pulse being varied by t. NV center (P1 center) pulse times were 40 (64) and 24 (32) ns, for the π and π/2 pulses respectively. The fit is shown in red. We observed exponential behavior from the Ramsey measurement, as shown in Fig. 5 (c). The observed signal was then analyzed by fitting the data with Eq. 1 where sin
We observed a T * 2 = 118 ± 34 ns from the analysis for NV1. The value of T * 2 corresponds to a FWHM of 2.7 ± 1.0 MHz, a value in reasonable agreement with the ∆ω extracted from frequency measurements. Furthermore, from the analysis of the NV-ESR intensity at 943 MHz, the detected magnetic dipole field (B Dip ) is ≈420 nT. 23 This strength of the magnetic field corresponds to an axially aligned single spin at a distance of ∼16 nm.
Moreover, we investigate NV-ESR spectroscopy with other single NV centers (NV2-5). As summarized in Fig. 6 , NV2-5 also exhibit a strong pulse length dependence similar to that observed for NV1. For NV2, ∆ω of 0.9 (0.9, 1.0) MHz was observed in agreement with the measured T * spin baths. 36, 38 When the P1 concentration is low, the ESR linewidth as narrow as ∼0.3 MHz is broadened by the hyperfine couplings to the 13 C nuclear spin baths. On the other hand, when the P1 concentration is high, the linewidth is broader due to the coupling of the P1 spin baths and depends on the P1 concentration. Therefore the present result strongly suggests that the variation of observed P1 linewidths is due to inhomogeneity of densities and spatial configurations of P1 spin baths within the detected nanoscale volume. Furthermore, for NV 4 and 5, the contribution from the P1 spin baths is negligible on the linewidths (∼0.3 MHz) while the hyperfine coupling to 13 C spin baths is the major contribution.
Conclusion
Within this article we investigated the nature of the NV-ESR linewidth by studying P1 ESR. We found that the spectral resolution depends strongly on the length of the DEER pulse. This was particularly evident when pulse lengths are shorter than 0.4 µs. Upon using long pulse lengths, the minimum resolved linewidth was found to be limited by inhomogeneous broadening of P1 ESR (T * 2 -limit). This linewidth was found to vary between NV centers, indicating spatial inhomogeneity of local magnetic fields surrounding each NV center. Since NV-ESR is useful for investigation of many spin systems with single spin sensitivity, the ability to perform high-resolution NV-ESR is critical. The present work provides important context into the improvement of NV-ESR spectral resolution. In particular, we demonstrated resolution of a small ESR splitting (2 MHz) by improv-ing the spectral resolution and identified dominant coupling between P1 and surrounding electron and nuclear spins. Furthermore, the present technique will be applicable for various NV-ESR investigations including identification of multiple types of spins and study of spin dynamics.
